A batch incubation study was conducted to investigate the effect of aeration and temperature on the N and P release by decomposing aquatic macrophytes in eutrophic lake water. Nutrient release by waterhyacinth (Eichhornia crassipes [Mart] Spires), pennywort (Hydrocotyle umbellata L.), hydrilla (Hydrilla verticillata L.), and cattails (Typha latifolia L.) was evaluated under aerobic conditions. Waterhyacinth plants tagged with lSN were used to determine the release at varying temperature levels and under anaerobic (oxygen free) and low-dissolved O2 (open system where the only O2 source was diffusion through the overlying water) conditions. Nutrient release was found to be rapid initially due to solubilization, followed by slow nutrient release as a result of microbial decomposition. Under aerobic conditions, NO3-formation in the water was found to be significantly related to C/N ratio of the plants. About 48 to 76°70 of the plant N and 67 to 900/0 of the plant P were released at the end of 105 d of aerobic decomposition. After 94 d, about 86 and 88°70 of ~N was released from the plant tissue under anaerobic and low-dissolved O2 conditions, respectively. Nitrogen and phosphorus release were significantly increased with increase in incubation temperature. In an aquatic system, macrophyte die-off may occur as a result of plant maturity (older plant parts), freeze damage, or herbicide application. Some of the detritus produced falls beneath the plant canopy and accumulates at the sediment-water interface (Gosz et al., 1973; Godshalk & Wetzel, 1977). By both solubilization and microbial processes (Boyd, 1970; Hargrave, 1972; Hunter, 1976; Puriveth, 1980), the nutrients potentially become available to the adjacent living plants (Fenchel & Jorgensen, 1977; Jewell, 1971). Gaudet (1976) also observed that the retention and decomposition of aerial waterhyacinth (Eichhornia crassipes [Mart] Solms) tissues may serve as an efficient means of nutrient cycling from dead to living tissues.
In an aquatic system, macrophyte die-off may occur as a result of plant maturity (older plant parts), freeze damage, or herbicide application. Some of the detritus produced falls beneath the plant canopy and accumulates at the sediment-water interface (Gosz et al., 1973; Godshalk & Wetzel, 1977) . By both solubilization and microbial processes (Boyd, 1970; Hargrave, 1972; Hunter, 1976; Puriveth, 1980) , the nutrients potentially become available to the adjacent living plants (Fenchel & Jorgensen, 1977; Jewell, 1971) . Gaudet (1976) also observed that the retention and decomposition of aerial waterhyacinth (Eichhornia crassipes [Mart] Solms) tissues may serve as an efficient means of nutrient cycling from dead to living tissues.
In Florida, about $20 million are spent annually to control aquatic weeds. In spite of the effort to control or eradicate aquatic plants, the problem still persists. This is thought to be partially due to rapid regrowth of new plants as a result of nutrient regeneration during the decomposition of detritus (Reddy & Sacco, 1981; DeBusk et al., 1983) .
Temperature and dissolved O2 content of the water are probably one of the most important factors in-' Florida Agric. fluencing the extent and rate of nutrient release from detritus plant tissue (Godshalk & Wetzel, 1978a , 1978b . However, very little is known on the effect of these factors on nutrient release from decomposing aquatic plants in aquatic systems. The objectives of this study were: (i) to evaluate the effect of aeration on the nature and extent of N and P release by selected aquatic plants, and (ii) to determine the effect of temperature on N and P release by decomposing waterhyacinth plant tissue under low-dissolved O2 and O,-free conditions.
MATERIALS AND METHODS

Nutrient Release Under Aerated Conditions
A batch incubation study was conducted to investigate the effect of aerobic conditions on the nature and extent of N and P release by decomposing aquatic macrophytes. Aquatic plants evaluated were waterhyacinth, pennywort (Hydrocotyle umbellata L.), hydrilla (Hydrilla verticellata L.), and cattails (Typha latifolia L.), Each treatment was replicated three times. The plants and eutrophic lake water used in this study were collected from Lake Alice located on the University of Florida campus in Gainesville. The plants were uniformly chopped (= 1 cm), and fresh plant tissue of 3.1 g dry wt equivalence was transferred to triplicate I-L mason jars containing 750 mL of lake water. The jars were capped air-tight and equipped with an inlet and outlet. The inlet was used for continuously bubbling NH3-free air (30 mL/min) and the outlet led to a test tube containing 0.05M H~SO~ to trap NH~ volatilized during decomposition of the plant tissue. The jars were then placed in the dark in an incubation chamber maintained at a constant temperature of 28°C. After 0, 7, 14, 21, 35, 70 , and 105 d of incubation, a 50-mL water sample was taken from each system. A portion of the water sample was filtered through 0.45-#m filter paper and analyzed for NH,÷-N, NO~--N, and ortho-P. Unfiltered water samples were analyzed for total Kjeldahl N (TKN) and total P (TP). The initial plant samples and the final residue were analyzed for TKN, TP, and total organic C.
Effect of Temperature on Nutrient Release
This experiment was conducted in an attempt to simulate the effect of seasonal temperature and dissolved O~ changes on nutrient release from decaying waterhyacinth. Waterhyacinth plants were cultured for 3 weeks in lake water enriched with 5.0 atom 070 ~N as NH,CI, and this has resulted in about 1.0 atom 07o '~N in the plant tissue. Plants were washed thoroughly before using in the experiments to evaluatẽ N release from waterhyacinth at three temperatures (10, 20, and 30° C) under completely anaerobic and low-dissolved O2 conditions. Plants were uniformly chopped and fresh weight of 9.5 g dry wt equivalence was added to 3-L bottles containing 2000 mL of eutrophic Lake Apopka water. Each treatment was replicated three times. The experiment was conducted in the dark in temperature-controlled growth chambers. To create low-dissolved O~ conditions, the bottles were left open to the air where the only O2 source was diffusion through the overlying water. Anaerobic conditions were created by sealing the bottles with air-tight caps containing septums for purging with N~ at the beginning and at the end of each sampling period. Nitrogen and phosphorus in the water were monitored at the end of 0, 7, 20, 42, 67, and 94 d. About 150 mL of the water was removed at each sampling. A portion of the water sample was filtered and analyzed for ortho-P. Unfiltered water samples were analyzed for NH,÷-N, NO3--N, TKN, and TP. At the end of the study, water and residue were passed through 0.45-zm filter paper and residue retained by the filter paper was analyzed for N and P. Initial plant samples and the final residue were analyzed for TKN and TP. All plant and water samples were also analyzed for ~3N. 
Analytical Methods
Dissolved O~ was measured with a YSI Model 54 O2 meter. A combination pH electrode and Orion 701 A meter were used for the determination of water pH. Ammonium-N and nitrate-N were analyzed by steam distillatiqn (Bremner, 1965) . Ortho-P was analyzed by the single reagent method (Murphy & Riley, 1962) . Total P was determined by persulfate digestion and ascorbic-acid methods. Total N and P in the plant samples were measured by the procedurs described by Jackson (1958) . The '~N analysis was conducted on a Micro Mass 602 mass spectrometer.
RESULTS AND DISCUSSION
Nutrient Release Under Aerated Conditions
Dissolved O~ concentration of the water during aerated conditions was in the range of 3 to 5 mg L-', and pH was found to range from 6.5 to 7.5. Two distinct phases of N and P regeneration were observed in all four decomposing plant tissues. Soluble organic N, NH,÷-N, TP, and ortho-P released were at their highest concentrations in the first 14 to 21 d of the incubation in all instances except for TP in pennywort (Fig. 1, 2, 3 , and 4, respectively). This short-term, rapid, and accumulative phase of decomposition was probably due to solubilization of organic matter (Boyd, 1970; Hunter, 1976; Puriveth, 1980) and Subsequent breakdown. Ogura (1975) found that mineralization of the dissolved organic matter through microbial activity was initially rapid. This was thought to be due to low molecular weight compounds, which usually have a very rapid turnover (Fenchel & Jorgensen, 1977) . In the second phase, organic N and NH,*-N in the water declined and remained low through the remainder of the incubation (105 d). During this phase of N release, the nitrification process was found to be faster than ammonification, resulting in decline of both organic N and NH,÷-N concentrations. This observation was supported by the increase in NOf-N concentration of the water (Fig. 5) . Except in the cattail system, NOf-N accumulation was slow but steadily increased toward the end of the incubation. In cattail plants, most N was probably tied up in refractory compounds such as lignin, and the biological decomposition of these compounds is slow. In addition, low-N plant tissue also favors the immobilization of inorganic N during microbial cell synthesis (Godshalk Wetzel, 1978b) . Under natural conditions, lack of NH,*-N accumulation can be explained as loss due to volatilization of NH~ and nitrification of NH,*-N in the water (Reddy et al., 1980) . Loss of NH~ due to volatili- zation was found to be insignificant in this study. However, rapid decrease of NH,÷-N after 21 d of decomposition in the cattail system and very little increase in NO3--N concentration is best explained in terms of immobilization.
The initial C/N ratios were 31.0, 20.5, 16.7, and 16.0 for cattails, waterhyacinth, hydrilla, and pennywort, respectively. The maximum NOC-N concentration in the water obtained in the decomposition systems were: pennywort 63 mg L-', hydrilla 43 mg L -', waterhyacinth 15 mg L -~, and cattails 5.5 mg L-L Nitrate formation in the water was found to be significantly related to C/N ratio of the plants (Fig. 6) . Rate of aquatic macrophyte decay under aerobic or anaerobic conditions was also found to be directly proportional to the C/N ratio of the detritus plant tissue (Godshalk & Wetzel, 1978a) .
Release of soluble TP continuously increased and remained high throughout the decomposition period in the pennywort system (Fig. 3) . However, for the rest the plant types, soluble TP release was rapid and highest during the first 21 d of the study and decreased thereafter.
Ortho-P accounted for about 50 to 60% of the TP. Ortho-P concentration reached a maximum value at 35 d of decomposition then steadily declined toward the end of the 105-d decomposition. The initial release of P is attributed to leaching from the plant tissues (Carpenter & Adams, 1979; Solski, 1962) . The water of the decomposing systems slightly increased-after 35 d with the decrease in P concentration.
This decrease was probably due to precipitation of P with Ca compounds (Stumm & Morgan, 1970; Reddy & Sacco, 1981) in the water for waterhyacinth, cattail, and hydrilla systems.
For all plant types, dry matter loss and N and P release from the decomposing plant tissues were found to be in the range of 71 to 79070, 43 to 76°7o, and 67 to 90%, respectively (Table 1) . These results show that the extent of P release was greater than N. A significant proportion of the tissue P is located in the labile pool and considerable fraction could have been released by solubilization (Solski, 1962) . Since a greater proportion of is in the structural component (Mengel & Kirkby, 1978) , it is likely that a significant amount remained in the undecomposed plant residue retained at the end of decomposition.
Effect of Temperature on Nutrient Release
Data in Fig. 7 and 8 show the effect of temperature and incubation conditions on NH,÷-N and TP release from waterhyacinth, respectively.
Nutrient release was rapid and greatest during the first 7 to 20 d of decomposition, then steadily decreased towards the end of incubation. The rate of NH/-N decrease was found to be much more rapid at 30°C than at 20°C. Release of NH/-N was found to be much slower at 10°C during the first 42 d, but towards the end of incubation, NH 4 + -N accumulation increased, probably due to a slow rate of volatilization. The decrease in NH/-N level of the water at higher temperatures was probably due to N loss by volatilization. This is supproted by low 15 NH 4 + -N release observed at 20 and 30° C. The dissolved O 2 levels of the incubation vessels left open to the air were in the range of 0.1 to 0.8 mg L" 1 , indicating the diffusion of O 2 was slower through the water column compared with the O 2 consumption by the decomposing plant tissue. Low O 2 content probably prevented the nitrification of NH 4 (Alexander, 1977) . Under anaerobic conditions, however, mineralization stopped at NH 4 formation stage because of the absence of O 2 .
Results of this study show that the extent of decomposition was temperature-dependent. The percent dry matter loss (Fig. 9 ) and percent 1S N release (Fig. 10 ) increased with increasing temperature, regardless of the nature of aeration in the water. The maximum dry matter loss (77%) and 15 N release (88°7o) were measured at 30°C. The dependence of decomposition rate on temperature levels has been documented. Puriveth (1980) found that the rate of dry matter loss of Typha sp. litter increased correspondingly with increasing temperature. Carpenter and Adams (1979) reported a Q,o (i.e., reaction rate ratio at an interval of a 10°C rise in temperature) of 3 for Myriophyllum spicatum decomposing in a lake system. At 30°C, the difference in the extent of dry matter loss was found to be minimal between the systems with low-dissolved O 2 and anaerobic conditions, but the differences were significant at 10 and 20°C. At 10°C, maximum dry matter loss of 44 and 61% was measured under anaerobic and low-dissolved O 2 conditions, respectively. This implies that decomposition (dry matter loss) at 10°C is greater under partially anoxic conditions (low oxygen levels) than completely anaerobic conditions. These results suggest a definite interaction between O 2 content of the water and temperature (Godshalk & Wetzel, 1978b) . The 15 N release from plant tissue was found to be approximately the same at 20 and 30°C for both aeration levels. However, 15 N release was significantly lower at 10°C. At 10°C, maximum "N released was 64 and 75.5% for anaerobic and low-dissolved O 2 conditions, respectively. Godshalk and Wetzel (1978a) found that dissolved organic matter decomposition was most rapid under aerated conditions at either 10 or 25°C. Reddy and Sacco (1981) reported similar results on the decomposition of waterhyacinth. However, Nichols and Keeney (1973) found that milfoil decomposition was most rapid in a nonaerated system. They attributed this to low N requirement under anaerobic conditions, as microorganisms assimilate less C per unit of organic matter decomposed. In this experiment, except at 10°C, decomposition rates were approximately the same under anaerobic or low-dissolved O 2 (< 0.8 mg L" 1 ) conditions. The ecological significance of detritus decomposition in aquatic systems was discussed in detail by Fenchel and Jorgensen (1977) .
In conclusion, this study shows that under aerobic conditions, inorganic N release from decomposing aquatic macrophytes depends on the C/N ratio of the plant tissue. Nitrogen and phosphorus release of up to 76% of the plant N and 96% of the plant P indicates the potential of these plants in releasing nutrients into the water, thus enhancing the eutrophication of lakes and streams. This study also shows that approximately the same amounts of N and P are released under lowdissolved O 2 conditions or completely anoxic conditions. Nutrient release was also shown to be dependent on the water temperature, indicating that N and P release from plant tissue will be slower in winter than summer months.
